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A bstract
The mass and  the  to ta l decay w idth  of the  W  boson are m easured w ith  the  L3 
detector a t the  LEP e+e-  collider using W -boson pairs produced in 0.7 fb -1 of d a ta  
collected a t centre-of-mass energies between 161 and  209 GeV. Combining semi- 
leptonic and  fully-hadronic final states, the  mass and  the  w idth  of the  W  boson are 
determ ined to  be
m w =  80.270 ±  0.046 ±  0.031 GeV and 
r w  =  2.18 ±  0.11 ±  0.09 GeV ,
where the  first uncertain ty  is s ta tistical and  the  second system atic.
Subm itted  to  Eur. Phys. J. C
1 I n t r o d u c t i o n
The mass, m w , and  the  to ta l decay w idth, r w , are fundam ental properties of the  W  boson. 
T heir m easurem ent, initially perform ed a t the  SppS hadron  collider [1], provides im portan t 
inform ation about the  S tandard  Model of electroweak interactions [2]. Together w ith  o ther 
electroweak param eters such as the  Z-boson mass, the  effective weak mixing angle and  the 
m easurem ent of the  top-quark  mass [3], the  precise determ ination  of m w allows a thorough 
test of the  S tandard  Model a t the  quan tum  loop level as well as constraining the  mass of the 
Higgs boson [4].
In e+e-  collisions, W  bosons are produced singly or in pairs. At centre-of-mass energies, i /s ,  
exceeding 2m w , W -boson pair production, e+e-  ^  W + W - , dom inates. The pair-production 
cross section a t threshold  is sensitive to  m w . Therefore, a t LEP m w was first derived from 
cross section m easurem ents [5,6]. At centre-of-mass energies well above production  threshold, 
W  bosons are directly reconstructed  and the  effective mass of the  decay products is used to  
determ ine m w [7,8]. The mass d istribu tion  of the  W  bosons is analysed and  m w and r w are 
determ ined by com paring samples of M onte Carlo events to  data . A reweighting procedure is 
applied to  ob ta in  M onte Carlo samples corresponding to  different values of m w and r w .
In th e  following, m w and r w are defined such th a t the  denom inator of the  W -boson 
propagator, (m 2 — m w ) +  im 2r w /m w , models the  m ass-dependent w idth  of the  W  boson. 
The analysis presented here is based on a d a ta  sample collected w ith  the  L3 detector [9] at 
i / s  =  189 — 209 GeV, corresponding to  a to ta l in tegrated  lum inosity of 629 p b -1 . These results 
are combined w ith previous L3 m easurem ents a t lower centre-of-mass energies [5, 7] yielding 
final results on m w and r w based on the  com plete d a ta  sample of 706 p b -1 collected by the  L3 
experim ent a t ^/s  =  161 — 209 GeV. O ther m easurem ents of m w  a t LEP and the  TEVATRON 
are described in References 8 and  10, respectively. The indirect determ ination  of m w from 
electroweak precision d a ta  is presented in Reference 4.
2  D a t a  s a m p l e
W  bosons decay into hadrons, m ostly th rough  W -  ^  ud  or cs, or leptons, W -  ^  l - V, where
I  denotes an electron, m uon or ta u  lepton. Charge-conjugate sta tes are understood  to  be 
included th roughout th is article. In the  following, these final sta tes are denoted as qq and lv , 
or, in general, ƒ ƒ, for b o th  W + and W -  decays. W -boson pair production  yields three classes 
of events: the  fully-leptonic, Iv lv , the  semi-leptonic, qqlv, and  the  fully-hadronic, qqqq, final 
states. Due to  the  presence of more th a n  one neutrino in the  Iv lv  final s ta te , the  effective masses 
of the  W  bosons cannot be directly reconstructed from  the ir decay products and  this decay 
channel is not fu rther considered here. Visible final-state fermions are reconstructed  in each 
event. Electrons and  muons from W -boson or t -lepton decays are m easured in the  calorim eters 
and  in the  tracking system. Hadronically-decaying T-leptons are identified as narrow, low- 
multiplicity, jets. Je ts  originating from quarks are reconstructed  by combining inform ation 
from  calorim etric clusters and associated tracks into je ts  using the  DURHAM  algorithm  [11].
The d a ta  analysed correspond to  seven average values of i / s ,  listed in Table 1. The selection 
of W -boson pair-production  events is described in Reference 12. The selection of the  qqev and 
qq^v final sta tes requires an identified high-energy electron or muon, respectively. The qqTV 
final s ta te  is characterised by a low-energy isolated electron or m uon or by the  reconstruction 
of a narrow  je t. For all semi-leptonic final states, missing m om entum  due to  the  neutrino  is 
required and  the  je t-je t mass has to  be com patible w ith m w . The selection of the  qqqq final
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s ta te  requires events w ith high multiplicity, small missing energy and a four-jet topology. To 
reject quark-pair production w ith  additional je ts  originating from  rad ia ted  gluons an  artificial 
neural network is tra ined  using discrim inating variables such as the  je t energies, broadenings 
and  angles, the  event spherocity, the  je t m ultiplicity and the  DURHAM  jet-resolution param eter 
for which the  event topology changes from th ree to  four je ts, y34. Only events w ith high neural­
network ou tp u t are reta ined  for fu rther analysis. The num bers of selected W -boson pairs are 
detailed in Table 1.
3  M o n t e  C a r l o  s i m u l a t i o n
The KANDY [13] M onte Carlo generator is used to  model four-fermion production, including 
b o th  W -boson production and  background processes. The RA CO O N W W  [14] program  is used 
as a cross check and  to  estim ate possible system atic uncertainties due to  the  modelling of photon 
radiation. A dditional background contribution from  ferm ion-pair production, dom inated by the 
e+e-  ^  qq process, is sim ulated using the  K K2F [15] event generator. M onte Carlo events are 
generated  a t the  seven average i / s  values listed in Table 1. Effects from  the  spread of centre- 
of-mass energies w ithin the  individual energy points are found to  be negligible. The expected 
num ber of background events is listed in Table 1.
The hadronisation  process is modelled w ith  the  PY T H IA  [16] program , while the  H ER ­
W IG [17] and A RIAD N E [18] program s are used to  assess system atic uncertainties. These 
M onte Carlo program s are tuned  to  describe hadronic Z-boson decays recorded a t the  Z reso­
nance [19]. In the  case of W -boson pair production, a dedicated param eter set, tuned  only on 
Z-boson decays into light-quarks (u,d,c,s) is used.
Bose-Einstein correlations (BEC) [20] in W -boson decays are sim ulated using the  BE32 
model [21] im plem ented in PY TH IA . Only BEC between hadrons originating from  the  same 
W  boson are taken into account, as suggested by our m easurem ents [22]. Colour-Reconnection 
(CR) effects [23] in the  qqqq final s ta te  would alter the  colour flow between th e  W  bosons. 
In accordance w ith our m easurem ent [24], these are not im plem ented in the  M onte Carlo 
sim ulation. However, b o th  the  effect of BEC between hadrons originating from  different W  
decays and  th a t of CR between W  bosons are considered as possible system atic uncertainties.
The response of th e  L3 detector is modelled w ith the  G EA N T [25] program  which includes 
the  effects of energy loss, m ultiple scattering  and showering in the  detector m aterial. Hadronic 
showers are sim ulated w ith  the  GHEISHA [26] program . Tim e-dependent detector efficiencies, 
as m onitored during d a ta  taking, are included in the  sim ulation.
4  E v e n t  r e c o n s t r u c t i o n
In th e  qqev, qq^v  and  qqqq channels a kinem atic fit is applied to  improve the  resolution of 
the  m easured energies, E / , m om enta, p / , polar, 0/ ,  and  azim uthal, 0 / ,  angles of the  visible 
fermions. Four-m om entum  conservation and  o ther constraints, as detailed below, are imposed. 
The m easured quantities are varied w ithin the ir resolution to  satisfy these constraints. The 
resolution of each individually-m easured object depends on details of the  reconstruction, such 
as the  detector region or the  energy scale. The average resolutions of E / , 0/, and  0 /  for 
electrons, muons and  hadronic je ts, as determ ined by M onte Carlo sim ulation, are given in 
Table 2. These values agree w ith  the  resolutions derived from  calibration d a ta  collected a t the 
Z resonance w ithin the  s tatistical accuracy of the  test.
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In all events, four-m om entum  conservation is required which, in the  case of the  qqev and 
qq^v final states, determ ines the  m om entum  and the  direction of the  neutrino. For hadronic 
je ts, the  velocity ft/ =  p / / E /  is fixed to  its m easured value, as m any system atic effects cancel in 
th is ratio . W hen im posing energy conservation, the  ^/s  value determ ined for each event by the 
LEP Energy W orking G roup [27] is used. Events collected during the  m anipulation of the  LEP 
beam s, for which no precise calibration of the  LEP energy is available, are excluded from  the 
analysis. Energy conservation results in a one-constraint (1C) kinem atic fit for qqev and  qq^v 
final sta tes and a four-constraint (4C) kinem atic fit for the  qqqq channel. In general, fermion 
angles are b e tte r  m easured th a n  energies and m om enta. Therefore, the  kinem atic fit improves 
more the  determ ination  of the  la tte r. The im provem ent in the  resolution of the  average value 
of the  two reconstructed  W -boson masses is shown in Table 3.
In th e  1C and 4C fits, the  masses of the  two W  bosons are determ ined separately. The 
mass resolution is fu rther im proved by the  additional constrain t of requiring these masses to  be 
equal w ithin the  w idth  of the  W  boson, fixed as 2.1 GeV. This num erical value does not bias 
the  resulting fits. This procedure results in a tw o-constraint (2C) fit of qqev and  qq^v events 
and  a five-constraint (5C) fit of qqqq events. For qqev and  qq^v events, b o th  the  mass of the 
hadronically-decaying W  boson obtained  in the  1C fit, m 1C, and the  average mass obtained  in 
the  2C fit, m 2C, are used in the  mass ex traction, which is described in the  following section. 
Similarly, in the  qqqq channel, the  average masses of the  4C fit, m 4C, and the  5C fit, m 5C, are 
used.
The qqTV final s ta te  contains a t least two neutrinos and only the  W  boson decaying into 
hadrons is used in the  mass reconstruction. The energies of the  two hadronic je ts  are rescaled 
by a com mon factor such th a t the  sum  of the ir energies equals \ f s / 2 ,  effectively im posing an 
equal-m ass constraint on the  two W  bosons. Use of the  mass of the hadronic system  after this 
rescaling, m resc, improves the  resolution of the  W -boson mass reconstruction by more th a n  a 
factor of two.
The im provem ent of the  mass resolution due to  the  kinem atic fit is shown in Figure 1. 
The average mass resolutions before and  after the  kinem atic fits or the  energy rescaling is 
sum m arised in Table 3 for all final states. Only the  better-m easured  quantities m 2C and m 5C 
are used to  determ ine r w .
W -boson pair production  is frequently accom panied by photon  radiation. Photons near to  
a final-state fermion are m ainly due to  final-state rad ia tion  (FSR). In qqev events, photons 
close to  the  electron are autom atically  included into the  m easurem ent of the  electrom agnetic 
cluster. In qq^v  events, th e  cluster closest to  the  m uon direction is assum ed to  originate from 
the  ionisation energy loss of the  m uon in the  calorim eters and is taken out of the  event. In qqTV 
events, the  photon  clusters are combined in the  ta u  je t by the  je t-reconstruction  cone algorithm . 
H ard photons w ith energies g reater th a n  5 GeV and outside a cone of 5° half-opening angle 
around the  lepton are detected  in 5% of the  qqev events and  in 2.5% of the  qq^v  events. They 
are taken into account by the  kinem atic fit, bu t not incorporated in the  mass reconstruction, 
as they  are m ainly due to  in itia l-sta te  rad ia tion  (ISR). In all o ther cases, the  detected  photons 
are assigned to  the  je ts during the  clustering process. For photons em itted  along the  beam  
direction, and  therefore undetected , the  analysis relies on the  M onte Carlo sim ulation.
System atic uncertainties arise in the  qqqq channel due to  po ten tial effects of CR between 
the  je ts  from  different W  bosons. To reduce these effects, clusters w ith  an  energy below 2 GeV 
are removed from  the  original je ts  obtained  by the  je t clustering process, as discussed in Sec­
tion  6.9. The je t energies and  m om enta are re-scaled w ith an equal scale factor in order to  
ob ta in  the  original je t energy. Only the  je t directions and  the  je t masses are affected by this
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procedure and the  energy resolution of the  je ts  is preserved as illustrated  in Table 2. On the 
o ther hand, the  angular resolution of the  je ts  is worsened leading to  a degradation of the  W- 
boson mass resolution by abou t 20%. The resulting increase of th e  sta tistica l uncertain ty  on 
m w  is overcom pensated by a reduction of the  system atic uncertainty, leading to  a lower to ta l 
uncertainty, as discussed in Section 6.9.
The mass resolution in the  fully-hadronic final s ta te  is improved by tak ing  into account gluon 
rad ia tion  from quarks. The DURHAM  jet-resolution param eter for which the  event topology 
changes from four to  five je ts , y45, is used to  separate events w ith  and  w ithout gluon radiation. 
Those w ith logy45 >  —6.2 are trea ted  as four-jet events and  the  rem aining as five-jet events.
The four or five je ts  m ust be associated w ith  the  two W  bosons. In the  case of four je ts, 
all th ree com binations are considered. Five je ts  can be paired in ten  different ways. M onte 
Carlo studies show th a t in five-jet events only some com binations have a high probability  to  
be correct. These are the  ones in which the  W  boson th a t decays w ithout hard-gluon rad ia tion  
is form ed by the  highest-energy je t and any o ther je t or by the  second highest-energy je t and 
any o ther je t except the  lowest-energy je t. Only these six com binations are considered. The 
th ree pairings w ith  the  highest kinem atic-fit probability  are retained. They are ordered by 
the ir fit probability  and trea ted  as separate samples. Pairings where the  fit did not converge 
are rejected. This criterion removes 5% of the  events.
The four-jet and  five-jet samples, of abou t equal size, are trea ted  in separate mass fits since 
the ir mass resolutions are different by abou t 30% as shown in Table 3. Due to  the  overall 
im provem ent in mass resolution, the  s ta tistical uncertain ty  of m w , as determ ined in the  fully- 
hadronic channel, is reduced by 6%.
The mass spectra  after the  kinem atic fit for the  better-m easured  mass variable m 1 are 
shown in Figure 2 for the  semi-leptonic final sta tes and  the  best pairing in the  fully-hadronic 
final state. Figure 3 presents the  sum  of the  semi-leptonic distributions, while Figure 4 shows 
the  sum  of all four distributions.
5  E x t r a c t i o n  o f  m W  a n d  r W
A m axim um -likelihood m ethod is used to  ex tract m w and r w from  the  reconstructed  masses 
of each event. The ex traction  of m w and r w is done separately for each of the  four final states, 
qqev, qqfiv, qqt v  and  qqqq, and the  seven average values of -/s .  For each of these 28 event 
samples a likelihood function, L (m w , ), is constructed from the  p roduct of the  individual 
likelihoods. These are evaluated for each mass reconstruction, i, perform ed for a given semi- 
leptonic event or a given pairing of the  four- and  five-jet samples of th e  fully-hadronic final state. 
Correlations between the  reconstructed masses from different pairings are found to  be negligible. 
The individual likelihoods are calculated from  the  norm alised differential cross sections in term s 
of the  reconstructed masses, m 1 and m 2,
L(m W , rflt ) 1 W ) n
ƒ (mW >
pfit
W)
"d2a(m- r fit )'r W )fit W, r 
d m 1 d m 2
+
' dVback ' 
d m 1 dm 2
(1)
f  (m W> r vv) a (m W> r vv) +  ^back
where a  and  a back are the  accepted signal and  background cross sections of the  corresponding 
final state. As sum m arised in Table 3, the  masses are chosen as m 1 =  m 2C and m 2 =  m 1C for 
qq^v  and qqev final sta tes and  m 1 =  m 5C and m 2 =  m 4C for fully-hadronic events. For q q rv  
events th e  doubly-differential cross section is reduced to  a singly-differential one and  only the
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rescaled mass of the  hadronic system  is used, m 1 =  m resc. The norm alisation factor ƒ (mW, rW ) 
is calculated such th a t the  sum  of the  accepted background and the  reweighted signal cross 
section reproduces the  m easured cross section. This procedure determ ines m w and r w solely 
from  the  shapes of the  mass distributions. In the  fits to  determ ine m w , the  S tandard  Model 
relation I \y  =  3GFm,w(l +  2o;s/ 37r ) / ( 2-\/2vr) is im posed [28]. W hen r w is ex tracted , m w  and 
r w are trea ted  as independent quantities and  the  doubly-differential cross section is reduced to  
a single one, since only the  better-m easured  quan tity  m 1 is used for the  determ ination  of r w .
The to ta l and differential cross sections of signal and background accepted by the  event 
selection are determ ined using M onte Carlo simulations. Except for single-W  production, the 
background cross sections are independent of m w and r w . The signal M onte Carlo sim ulation, 
which is originally generated using a particu lar value of the  W -boson mass, m gwen, and  w idth, 
rWn, is modified in a reweighting procedure to  represent a different W -boson mass, mW, and 
w idth, rW . Each signal M onte Carlo event, j , is given a new weight, R j , defined by the  ratio
2
At M (p1,p2 ,p?,p4 ,fcJ,m W , rW )
D  T ^ f i t  _ g e n  T ^ S e l n  _  j i  W )  w ;
W)1 W ) %  ) * W  J — 2 >
M  (p1, p2, p3, p4, k J , mWWn, rWn)
where M  is th e  m atrix  element of the  four-fermion final s ta te  under consideration. The m atrix  
elements are calculated for the  generated  four-vectors of the  four fermions, pn=1'"4 using the 
program  EXCA LIBU R [29]. Since this program  is based on four-fermion final sta tes w ithout 
additional photons, the  m om entum  sum  of any ISR photons present in the  M onte Carlo events, 
kjj, is taken into account by boosting the  four fermions into the  rest fram e of the  event after 
the  ISR photon  emission. Photons not em itted  in the  in itial s ta te  are recom bined w ith  the 
closest final-state fermion. It was verified th a t this m ethod is equivalent to  using the  KANDY 
program , which sim ulates photon  rad ia tion  in the  event generation. As a cross check of the 
m atrix  element reweighting the  event weights are evaluated from a B reit-W igner function. 
Consistent results are observed.
The to ta l accepted signal cross section for a given set of param eters, mW and rW , is
^ gen
=  ATgen  y i  R j  ( m W ) > m W  > Tw )  > (3)
j
where a gen denotes the  cross section corresponding to  the  to ta l M onte Carlo sample containing 
N gen events. The sum  extends over all M onte Carlo events, j , accepted by the  event selection. 
The to ta l background cross section is
^gen
<W = ETflSN-ACw. (4)
l Nback,1
where, for each background process l w ith  generated  cross section aback;1, -Ngenk,z and Nba1ck,1 are 
the  num bers of generated and accepted M onte Carlo events, respectively.
To determ ine the  accepted differential cross section for a given d a ta  event, i, the  box 
m ethod [30] is applied. W hen combined w ith  the  reweighting procedure, th is m ethod takes 
into account detector and  selection effects, efficiencies and  purities which depend on m w and 
r w and  correlations between the  inpu t masses m 1 and  m 2. The accepted differential cross 
section is determ ined by averaging signal M onte Carlo events inside a two-dim ensional mass 
dom ain, Qj, centred around each d a ta  event. To take the  different resolutions of m 1 and  m 2 
into account, these masses are rescaled by the ir resolutions a 1 and  a 2 whose averages are given
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in Table 3. The size of each dom ain is lim ited by requiring a sufficient num ber of M onte Carlo 
events in th e  domain. In the  rescaled param eter space, the  distance, d j , of each M onte Carlo 
event, j , from the  given d a ta  event, i, w ith  reconstructed  masses (m 1)i and  (m 2)j is calculated 
from
d - \
N j  -  ( ™ i ) iV  +  (  (m 2 ) ,  -  (m 2 ) ,y
a 1 /  V a 2
and the  400 closest M onte Carlo events are retained.
The m ost d istan t M onte Carlo event, j max, determ ines the  mass intervals around the  d a ta  
event, ( im 1)i =  |(m 1)i — (m 1)jmax| and  ( im 2)j =  |(m 2)j — (m 2)jmax|, which vary between 200 MeV 
and 600 MeV. A fter sum m ing the  weights R j of all M onte Carlo events associated to  the  mass 
dom ain Q  around the  considered d a ta  event, the  differential cross section of the  signal processes 
is given by
( d2a ( m % , T % ) \  _  1  ^ g e n  Y -  „  , fit pfit _ g e n  p g e n
d m 1 dm 2 n (5 m i)i ( im 2)i en 53  (m w , r w ,m w , r w ) • (6)j €^i
For the  background M onte Carlo sim ulation, the  same dom ain size as for the  signal is chosen 
and  the  differential d istribu tion  of the  background is determ ined from  the  num ber of selected 
background M onte Carlo events, (NSaCk)», associated w ith  a given d a ta  event:
f  d <Tback \ _ 1 ^back ( a reel \
l iVbackJi • \ ‘ )\ d m 1 dm2 J j n ( im 1) j( im 2)j N lgaenk
One-dim ensional boxes in the  m 1 space are constructed  for the  determ ination  of r w . The 
size of each bin is defined by requiring a t least 200, bu t no t more th a n  1000, M onte Carlo 
events. The bin size is a t m ost ±250 MeV around (m 1)i and  decreases to  abou t ± 30  MeV 
around the  peak of the  mass spectrum . For the  background M onte Carlo sim ulation, the  bin 
size is chosen as ± 1  GeV around (m 1)i .
6  S y s t e m a t i c  u n c e r t a i n t i e s
The system atic uncertain ties on m w and r w are sum m arised in Tables 4 and 5, respectively. 
They arise from  various sources correlated or un-correlated  between the  final sta tes and between 
the  various yfs values. The different sources of the  system atic uncertain ty  are detailed in the 
following subsections and the ir correlations are discussed in Section 7.
System atic uncertainties are assessed by determ ining A m w and A r w which are defined 
as the  changes of the  m w and r w results if a lternative detector calibrations, M onte Carlo 
sim ulations or reconstruction procedures are used. Two m ethods are used for the  evaluation of 
A m w . In the  cases where the  effect of an alternative M onte Carlo sim ulation is studied, the 
usual mass fit is used, bu t the  d a ta  events are replaced by a high-statistics sample from  the 
alternative sim ulation. The fit result, mW , is com pared to  the  nom inal W -boson mass common 
to  b o th  M onte Carlo samples, mWn, deriving A m w =  mWn — mW. A sim ilar procedure is used 
to  derive A r w . In the  cases where the  agreem ent between d a ta  and  sim ulation is analysed, the 
shift of the  reconstructed  mass is calculated for each d a ta  and M onte Carlo event. The average 
mass shifts of the  d a ta  and  M onte Carlo d istributions are com pared to  determ ine A m w .
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6.1 Calibration o f y / s
The value of ^/s  is used as a constraint in the  kinem atic fit. A variation of ^/s  would imply 
a shift of the  reconstructed  masses. The relative uncertain ty  on m w  is th e  same as th a t on 
i / s ,  while Tw is less affected. This is verified by com paring sim ulated event samples in which 
the  i / s  value used in the  kinem atic fit is system atically changed. The dependences of m w  
and Tw on ^/s  are taken into account using the  LEP energy determ ined for the  exact tim e 
each W -boson pair was recorded. The LEP beam  energy is known w ith  an accuracy between 
10 and 20 MeV [27]. The com plete error m atrix  from Reference 27 is used to  determ ine the 
uncertain ties on m w and r w given in Tables 4 and 5, which are correlated between all final 
states.
As a cross check of the  i / s  calibration, events from  the  e+e_ —► Z7  process w ith h ard  ISR 
were used to  m easure the  mass of the  Z boson [31]. The Z-boson mass, m Z, was determ ined to  
be 91.272 ±  0.032 ±  0.033 GeV, where the  first uncertain ty  is s ta tistical and the  second system ­
atic, in agreem ent w ith the  value m easured a t the  Z resonance [32], m Z =  91.190 ±  0.003 GeV. 
Assuming this value of mz, the  m ethod determ ines the  average 1/ s  to  be 175 ±  68 ±  68 MeV 
lower th a n  the  value given by the  LEP energy calibration, bu t consistent w ithin the  experi­
m ental uncertainty.
The intrinsic energy spread of the  beam s causes a 1/ s  d istribu tion  of the  individual events 
w ith  a G aussian w idth  of 240 MeV. To assess this effect, the  -</s constrain t in the  M onte Carlo 
events is varied by the  same am ount. The changes of m w and r w are negligible.
6.2 Lepton m easurem ent
The m easurem ent of the  lepton energy in qqev and  qq^v events affects th e  m ass reconstruction, 
while in the  q q rv  final s ta te  it is solely based on the  m easurem ent of the  jets. Control samples 
of events from  the  e+e-  ^  l + l -  process are selected in calibration runs a t the  Z resonance 
and  are used to  cross check lepton reconstruction. The absolute energy scales for electrons and 
muons are known w ith a precision of 50 MeV. Varying the  lepton energy scale by th is am ount 
and  increasing the  lepton energy resolution in the  sim ulation by 25% of the  value m easured 
w ith  Z-resonance d a ta , results in the  changes of m w and r w detailed in Table 6 . Effects due 
to  the  determ ination  of the  lepton angles are negligible.
The distribu tions of the  energy of calorim etric clusters around the  charged lepton are shown 
in Figure 5a and 5b. These clusters are norm ally joined to  one of the  jets. If they are not 
correctly described by the  M onte Carlo sim ulation, th is m ight result in a bias on the  value of 
m w . To assess th is effect, all clusters w ithin a cone of 5° half-opening angle around the  lepton 
are excluded from the  jets. No significant effect on m w is observed.
6.3 Jet m easurem ent
The m easurem ents of je t energies and  directions affect the  mass spectra  and  are a potential 
source of system atic uncertainties on m w and r w . These uncertain ties are assigned by varying 
the  jet-energy scale by 50 MeV, sm earing the  je t energies by 1% and sm earing the  je t directions 
by 0.5°. The sizes of these variations correspond to  the  uncertainties estim ated  from  e+e-  ^  qq 
events collected in calibration runs a t the  Z resonance. These variations are applied to  the 
M onte Carlo sample taken as reference to  ex tract m w and r w from the  data . The effects on 
m w and r w are given in Table 6 . As expected, the  largest effect appears in the  q q rv  channel, 
where only the  rescaled je ts  are used and no additional constraint is applied.
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Generally, the  event prim ary-vertex  is shifted w ith  respect to  the  geom etrical centre of the 
detector. If this shift was left uncorrected, it would im ply a system atic d istortion  of the  je t 
angles. The actual position of the  prim ary vertex is m easured using d a ta  and  corrected for in 
the  reconstruction procedure. The shift is found to  be less th a n  4 m m  along the  beam  axis and
0.5 m m  in the  transverse plane, w ith  an uncertain ty  of less th an  5%. Figure 6a shows for each 
d a ta  event the  shift of the  reconstructed mass due to  the  vertex correction. Assuming th a t the 
vertex is displaced w ithin the  uncertain ty  of its determ ination  results in a change of m w  of less 
th a n  1 MeV.
Deviations of the  calorim eter positions from the ir nom inal locations would also cause angular 
distortions. To check the  angular m easurem ent of the  calorim etric clusters th e  m easurem ent 
of m w  is repeated  using only clusters associated w ith tracks. For each event, the  mass is first 
reconstructed using the  angular inform ation of the  clusters and  then  from the  angles of the 
associated tracks. These m easurem ents are independent. The resulting mass-shift d istribu tion  
is shown in Figure 6b. Com bining all final sta tes we ob ta in  a change of m w of —1 ±  9 MeV 
between b o th  m ethods, consistent w ith  zero.
A ngle-dependent effects in the  energy scale of the  calorim eters could lead to  an additional 
bias in the  m easurem ent of the  je t angles. For instance, if forw ard clusters had  a relative bias 
tow ards lower energy th a n  clusters in the  central p a rt of the  detector, the  direction of the  je t 
would be shifted tow ards the  central detector region. This effect is expected to  be m ost evident 
in th e  qqqq events, which are strongly constrained by the  kinem atic fit. To assess th is effect the 
raw je t energies are com pared to  the  je t energies after the  kinem atic fit for various polar-angle 
regions of the  detector. No significant change in m w  is observed if the  cluster-energy scale in 
the  sim ulation is changed for each polar-angle region to  agree exactly w ith  the  data.
The energy spectrum  of the  clusters and the  energy flow w ith  respect to  the  je t axis are also 
investigated. They are shown in Figures 7a and 8a, respectively. Figures 7b and  7c present the 
effect on m w  when clusters below a given energy cut are removed. The changes of m w  stay 
w ithin the  sta tistica l uncertain ty  of the  test when varying th e  energy cut from  the  default values 
of 100 MeV and 2 GeV for qq lv  and  qqqq events, respectively. No significant change of m w is 
observed if clusters outside a cone around the  je t axis are removed, as shown in Figures 8b and 
8c for cones of half-opening angles from 30° to  180°.
6.4 F it procedure
The fit procedure determ ines m w and r w w ithout any bias as long as the  M onte Carlo sim­
ulation  correctly describes effects such as photon  rad ia tion  and  detector resolution. This fit 
procedure is tested  to  high accuracy by fitting  large M onte Carlo samples, typically a hundred 
tim es th e  size of the  d a ta  sample. The fits reproduce well the  generated  values mWn and rWn 
w ithin the  sta tistica l accuracy of the  test, over a range of ±500 MeV in m w and ±600 MeV in 
Tw.
In the  fit of m w  the num ber of events per box is varied between 350 and 450, while in the  
fit of r w the  m inim al num ber of events is varied between 150 and  250. In addition, the  fit is 
restric ted  to  masses in the  range between 70 GeV and 90 GeV. No statistically  significant effect 
on m w or r w is observed for any of these variations.
The reliability of the  uncertainties given by the  fit is tested  by fitting for each final s ta te  
several hundred small M onte Carlo samples, each the  size of the  d a ta  sample. The w idth  of 
the  d istribu tion  of the  fitted  central values agrees well w ith the  m ean of the  d istribu tion  of the 
fit uncertainties.
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6.5 Background
Background which is not correctly described by the  M onte Carlo sim ulation, either in the  to ta l 
num ber of events or in the ir mass d istribution, could cause a shift of m w and r w . For bo th  
the  semi-leptonic and  the  fully-hadronic selections, the  four-fermion background is scaled by 
±5% . Additionally, background from  the  e+e-  ^  qq process is scaled by ±5%  and the  slope 
of its mass spectrum  is varied by ±10%  over the  mass range between 65 GeV and 95 GeV.
The dom inant background in the  fully-hadronic selection is due to  e+e-  ^  qq events w ith 
m ultiple gluon radiation. To b e tte r reproduce the  four-jet ra te  observed in hadronic Z decays, 
a reweighting of the  e+e-  ^  qq M onte Carlo events according to  the  value of y34 is applied 
in our s tandard  m ass-extraction procedure [12]. Removing th is reweighting changes the  to ta l 
background contribution by 12% and shifts m w and r w by 10 MeV and 80 MeV, respectively. 
H alf of the  shift is taken as system atic uncertainty.
The effects on m w and r w due to  the  variation of height and  slope of the  background mass 
spectrum  and the  uncertain ty  due to  the  reweighting of the  y34 spectrum  are sum m arised in 
Table 7. The individual sources are added in quadratu re  to  yield the  system atic uncertain ty  
due to  the  background sim ulation.
6.6 M onte Carlo sta tistics
The system atic uncertain ty  due to  the  lim ited size of the  signal M onte Carlo sample used for the 
box fit is estim ated  by dividing it into several sub-samples of equal size and  using each of them  
to  fit the  data . The system atic uncertain ty  due to  M onte Carlo statistics is then  determ ined by 
ex trapo lating  the  spread of the  fit results to  the  full M onte Carlo sample. The to ta l system atic 
uncertain ties on m w and r w due to  lim ited M onte Carlo statistics are given for each final s ta te  
in Tables 4 and  5, respectively.
6.7 P h oton  radiation
Four-ferm ion production, including its radiative corrections, is modelled by the  KANDY and 
R A CO O N W W  M onte Carlo generators. B oth  program s use pole expansions [33] for the  cal­
culation of O (a)  corrections. KANDY models ISR using the  Y ennie-Frautschi-Suura (YFS) 
exponentiation scheme [34], while FSR  is sim ulated by the  program  PH O TO S [35] in the  case 
of charged leptons and  by PY T H IA  in the  case of quarks. Interference between ISR and 
FSR  is neglected. RA CO O N W W  im plem ents the  full O (a)  m atrix  element for the  radiative 
four-fermion production, e+e-  ^  f  f  f  fY . H igher-order corrections coming from m ultiple ISR 
photons are im plem ented using a structure-function  ansatz. As th e  calculations im plem ented in 
R A CO O N W W  are based on massless fermions, the  FSR  sim ulation exhibits a m inim um  cut-off 
on the  photon-ferm ion angle.
The rad ia tion  of h ard  and isolated photons is b e tte r  sim ulated by R A CO O N W W  which 
im plem ents th e  com plete m atrix  element of the  f f f f Y  final state. O n the  o ther hand, soft and 
collinear photons are not generated, which makes the  KANDY approach more appropria te  for 
com parison w ith data . KANDY uses a W  propagator w ith  a m ass-dependent te rm  containing 
the  W  w idth, whereas RA CO O N W W  uses a constant term . Because the  definitions differ by 
27 MeV in the  position of the  W  peak [36], the  mWn input to  RA CO O N W W  is chosen 27 MeV 
lower th a n  for KANDY in order to  give an  identical W -boson lineshape.
A to ta l of 300 000 M onte Carlo events of the  qqev, qq^v  and  qqqq final sta tes are generated 
w ith  the  RA CO O N W W  program  a t i / s  =  207 GeV, including full detector sim ulation. Events
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w ith  hard-pho ton  rad ia tion  are selected a t the  generator level using the  CALO5 algorithm  [37], 
which recombines soft and  collinear photons w ith  the  nearest fermion. These events, after 
detector sim ulation, are used instead of d a ta  in the  mass fit which relies on KANDY as the 
reference M onte Carlo. The change in m w from the  com parison of the  program s is derived 
and  scaled by the  fraction of events w ith hard-photon  radiation, which is of the  order of 10%. 
The same effect as observed in the  qq^v  channel is assum ed for the  q q rv  channel where no 
events were generated. In an  additional test, the  KANDY events are reweighted such th a t they 
represent the  O ( a 2) ISR corrections instead of the  O ( a 3) calculation. The changes of m w and 
r w resulting from  these tests are detailed in Table 8 . For each final s ta te  they  are added in 
quadratu re  to  estim ate the  system atic uncertain ties on m w and r w due to  the  modelling of 
photon  rad iation, given in Tables 4 and  5.
6.8 H adronisation
The hadronisation process is m odelled by three different schemes as im plem ented in the  M onte 
Carlo program s PY TH IA , HERW IG and ARIADNE. For the  pertu rba tive  phase PY TH IA  and 
HERW IG sim ulate a parto n  shower, while a dipole cascade is produced in ARIADNE. The 
Lund string-hadronisation m odel is used by PY TH IA  and ARIADNE, while HERW IG employs 
a cluster model. A com parison of the  mass d istributions of the  th ree different models w ith d a ta  
is shown in Figure 9. W ith in  the  sta tistica l accuracy, all th ree M onte Carlo d istributions are 
com patible w ith the  data.
The results for m w and r w presented in th is paper are based on the  PY TH IA  model. 
System atic effects due to  m odelling of the  hadronisation process are determ ined by com parison 
w ith  the  o ther two program s. In the  m ass-extraction fit the  d a ta  events are replaced by high- 
statistics samples of M onte Carlo events generated  w ith  PY TH IA , HERW IG and ARIADNE. 
These M onte Carlo samples consist of events which are identical a t the  four-fermion level and 
thus differ only in the ir hadronisation. The changes of m w and r w due to  the  use of HERW IG 
or A RIA D N E are listed in Table 9. For m w , HERW IG and A RIAD N E reproduce the  PY TH IA  
results w ithin the  sta tistica l uncertainty, except in the  q q rv  channel. This is m ainly caused 
by the  m isassignm ent of energy deposits from the  rem ainder of the  event to  the  tau -lep ton  je t 
which is based on a cone definition. This effect, altering the  reconstruction of the  je ts  and 
therefore m w , strongly depends on the  choice of the  hadronisation  model. For r w , ARIAD NE 
is in good agreem ent w ith PY TH IA , while HERW IG shows significant differences, especially 
for semi-leptonic final states.
The four-m om enta of calorim etric clusters which are used to  form  hadronic je ts  are calcu­
la ted  using the  energy and angle m easurem ents and assum ing the ir masses to  be either zero 
or the  pion mass. However, kaons and protons are frequently produced resulting in a shift of 
the  je t masses. This shift is autom atically  corrected in the  m ass-extraction fit which uses the 
M onte Carlo sim ulation containing these hadrons. If the  sim ulation predicts different m ultiplic­
ities for these heavier hadrons th a n  is present in data , system atic effects on the  m easurem ent 
of m w and r w are expected. In order to  assess th is system atic effect, the  m ean num ber of 
charged kaons and protons produced in the  W -boson decays of our sim ulation is com pared to  
m easurem ents [38] and found to  be in agreem ent. The shifts A m w and A r w are calculated 
w ith  M onte Carlo events reweighted such th a t the  m ean kaon and pro ton  m ultiplicities agree 
exactly w ith the  m easured values. It is checked th a t the  mass spectrum  at generator level is 
not d isto rted  by this reweighting procedure. Figure 10 shows the  linear dependence of A m w 
on the  average kaon and pro ton  m ultiplicity. This linear dependence is used to  tran sla te  the
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uncertain ty  of the  m easured kaon and  pro ton  m ultiplicities into uncertain ties on m w and r w . 
Table 10 presents the  shifts and  uncertain ties of m w and r w due to  the  correction of the  M onte 
Carlo sim ulation.
In the  qqqq final s ta te , the  DURHAM  param eter y45 is used to  discrim inate events w ith 
hard-gluon radiation. This variable m ight be affected by hadronisation uncertainties. A change 
of the  selection criterion log y45 <  —6.2 between —5.8 and —6.6 has no significant influence on 
m w .
The average absolute shift of m w and r w due to  the  alternative hadronisation models 
A RIA D N E and HERW IG and the  uncertain ty  deduced from  the  variation of the  kaon and 
pro ton  m ultiplicities in the  M onte Carlo sim ulation are added in quadratu re  to  yield the  to ta l 
uncertain ties due to  the  hadronisation modelling, given in Tables 4 and 5.
6.9 Final sta te  interactions in fully-hadronic events
The M onte Carlo program s hadronise the  quarks from the  two W  bosons independently. How­
ever, CR effects would invalidate this assum ption and  thus affect th e  mass reconstruction. 
Similarly, BEC between bosons arising from different W  bosons, if incorrectly modelled, could 
have the  same effect.
O ur m easurem ents [22,39,40] of BEC indicate th a t correlations in hadronic W -boson decays 
are very similar to  those in Z-boson decays into light quarks. Furtherm ore, BEC between 
hadrons from  different W  bosons are disfavoured. They are lim ited to  a t m ost 30% of the 
streng th  sim ulated in the  BE32 m odel [21] im plem ented in PY TH IA  5.7. Since all our previous 
mass m easurem ents a t ^/s  =  172 — 183 GeV were perform ed under the  assum ption of full inter- 
W  BEC, the  results obtained  in the  qqqq channel are re-evaluated in light of our m easurem ent 
of vanishing in ter-W  BEC.
Reference 22 presents the  L3 m easurem ent of the  difference between the  tw o-particle den­
sities of th e  d a ta  and  the  sim ulation w ithout in ter-W  BEC, A p2(Q). The integral, J , of this 
difference is m easured to  be below 0.39 a t 68% confidence level. For different M onte Carlo 
samples, generated w ith  various strengths of in ter-W  BEC, bu t fixed streng th  of the  in tra-W  
BEC, the  integral J  is determ ined. The shift A m w exhibits a linear dependence w ith respect 
to  J , as shown in Figure 11. The effects on m w and r w for a m axim um  inter-W  BEC, as 
allowed by our direct BEC m easurem ent, are detailed in Table 11. A linear dependence of BEC 
effects on -</s is assumed.
A dedicated study of reconnection effects in the  particle flow between je ts  in qqqq events 
shows th a t the  d a ta  are consistent w ith no or only a small CR  effect [24]. A 68% upper lim it on 
the  CR param eter k i  is set a t 1.1 in the  framework of the  SK-I m odel [41] as im plem ented in 
PY TH IA  5.7. The influence of th e  CR param eter k  on m w is studied in th e  SK-I framework by 
mixing event samples sim ulated a t i / s  =  189 GeV w ith  full and w ithout in ter-W  CR. The result 
is shown in F igure 12 for m oderate values of k  where a linear dependence can be assumed. 
The particle flow analysis is found to  be insensitive to  CR effects im plem ented in o ther models 
such as A RIA D N E type II [42] and HERW IG [43]. The A RIA D N E-II m odel is com pared to  
the  A RIADN E-I model, th e  la tte r  having been modified such th a t in b o th  models the  shower 
cascade is perform ed in two phases w ith an  identical cut-off param eter.
These M onte Carlo studies show th a t the  effect of CR on m w  grows w ith  increasing -</s 
in the  case of the  SK-I model, while only little  dependence on yfs is seen for A RIAD N E and 
HERW IG. For all energies and all models the  shift of m w is com parable or smaller th a n  the  shift 
predicted by the  SK-I m odel a t k  =  1.1, which is used to  estim ate the  system atic uncertain ty
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due to  CR effects. It is in teresting to  note th a t studies of the  d istribu tion  of particles in the 
in ter-jet region of th ree-jet hadronic Z decays exclude the  predictions of the  CR models of 
A RIA D N E and HERW IG for th is case [44]. No version of the  SK-I m odel applicable to  Z 
decays exists.
The use of a cone algorithm  for je t clustering lowers the  sensitivity to  CR effects, as the 
analysis is less affected by the  in ter-jet regions where the  influence of CR is largest. More effec­
tively, removing clusters below a certain  energy cut rejects particles predom inantly  produced 
during the  non-pertu rbative phase of the  hadronisation process where CR effects take place. 
M onte Carlo studies are perform ed a t i / s  = 1 8 9  GeV applying various cuts on the  m inim um  
cluster energy. The dependence of the  m w  shift on the  energy cut is ex trapo lated  to  the  full 
d a ta  sample and  shown in Figure 13. The additional com ponent to  the  s tatistical uncertain ty  
due to  the  slight degradation of the  mass resolution caused by the  cut is calculated and added 
in quadratu re  to  the  shift of m w . A cut a t m inim um  cluster energies of 2 GeV is found to  be 
the  optim al choice and  is therefore used in the  ex traction  of m w and r w from the  d a ta  of the 
qqqq final state. Table 12 presents the  effect of CR on m w and r w .
M onte Carlo studies show th a t the  relative reduction of the  m w  shift due to  the  energy cut 
is independent of k\ and -</s. The mass shifts observed for the  SK-I M onte Carlo sim ulation 
w ith  full CR  a t various -</s values are obtained  using the  dependence on k\ and  on the  energy 
cut ex tracted  a t yfs =  189 GeV. The system atic uncertain ties on m w  are calculated using a 
linear dependence on -</s and assum ed to  be fully correlated. For Tw no i /s  dependence is 
seen.
7  R e s u l t s
Figure 14 com pares the  m w  m easurem ents in the  four different final sta tes a t the  seven average 
i / s  values. The m easurem ents of m w  and Tw from  the  individual final sta tes are combined 
using the  “best linear unbiased estim ate” technique [45]. This com bination m ethod takes into 
account all system atic uncertainties as well as the ir correlations. W hen combining m easure­
m ents taken  a t different yfs  values, the  correlations of the  LEP energy determ ination  [27] are 
used. W ith in  each final s ta te , the  uncertainties due to  lepton m easurem ent, background de­
term ination , BEC and CR are taken as fully correlated between th e  m easurem ents a t different 
i /s .  The uncertain ties due to  je t m easurem ent, photon  rad ia tion  and hadronisation  are fully 
correlated between all final sta tes and  between all i / s  values. The system atic uncertain ty  due 
to  lim ited M onte Carlo statistics rem ains uncorrelated  for all m easurem ents. In the  case of the 
sim ultaneous estim ate of m w and r w , the  correlations between b o th  param eters as determ ined 
in the  individual box fits are included in the  com bination procedure.
Combined results of m w  are shown in Figure 15 for each s value averaged over the  final 
states. Figure 16 shows the  results for each final s ta te  and the ir com bination. Table 13 gives 
the  results on m w  for each final state. The com bination of the  results a t i / s  =  189 — 209 GeV 
yields for the  semi-leptonic and the  fully-hadronic final states:
m w (qqlv) =  80.196 ±  0.070 ±  0.026 GeV and (8)
m w (qqqq) =  80.298 ±  0.064 ±  0.049 GeV . (9)
Here and  in the  following, the  first uncertain ty  is s ta tistical and the  second system atic. The 
q q lv  and  the  qqqq channels exhibit a correlation of 9%. The contributions of the  individual 
sources of system atic uncertain ty  to  the  combined m w value in the  q q lv  channel is given in 
Table 4.
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The difference between the  values of m w determ ined in the  qq lv  and qqqq channels is
m w (q q lv ) — m w (qqqq) =  —0.088 ±  0.094 ±  0.031 GeV . (10)
BEC and CR effects are not included in the  system atic uncertain ty  on the  mass difference. 
Moreover, hadronisation uncertain ties are trea ted  as uncorrelated  between the  qq lv  and  qqqq 
final states. This causes the  mass difference not to  equal the  difference of the  mass values given 
in Equations (8) and (9).
Averaging the  values of the  qq lv  and  qqqq channels, including BEC and CR uncertainties 
and  all correlations, yields
m w (ƒ ƒ ƒ ƒ ) =  80.242 ±  0.048 ±  0.031 GeV . (11)
In th is com bination the  value of x 2/d .o .f. is 29.2/27 and  the  weight of the  fully-hadronic 
channel is 46%. In absence of any system atic uncertainties, th e  s ta tistical precision of the 
m easurem ent would be 47 MeV. In Table 4 the  contributions of the individual sources of 
system atic uncertain ty  to  th is combined m w  result are given.
The results in this paper are combined w ith  the  direct m easurem ents obta ined  a t i / s  =  
172 — 184 GeV [7] to  give
m w (q q lv ) =  80.212 ±  0.066 ±  0.027 GeV and (12)
m w  (qqqq) =  80.325 ±  0.061 ±  0.052 GeV , (13)
w ith  a correlation of 10%. Combining the  results from direct m easurem ents a t y/s  =  172 — 
209 GeV w ith  those result ob tained  from  cross section m easurem ents a t y/s  =  161 — 172 GeV [5] 
yields
m w  =  80.270 ±  0.046 ±  0.031 GeV . (14)
The W -boson w idth  is determ ined in fits for b o th  m w and r w . Table 14 gives the  results 
for i / s  =  189 — 209 GeV. Com bining all d a ta  yields
r w =  2.18 ±  0.11 ±  0.09 GeV . (15)
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( i /s )  [GeV] jC [pb *]
qc
Addata
eu
A^ back
qc
Addata
¡JLU
A^ back
qc
Addata
T U
A^ back
qc
Addata
iqq
A^ back
188.6 176.8 347 22.9 341 14.9 413 69.7 1477 328.7
191.6 29.8 73 4.1 63 2.4 57 11.9 236 57.5
195.5 84.1 168 10.9 157 8.2 222 33.8 665 153.5
199.6 83.3 152 11.4 142 7.3 181 32.2 726 151.1
201.8 37.1 70 5.3 79 3.4 77 13.9 301 64.6
204.8 79.0 176 11.0 142 6.5 164 26.4 656 137.2
206.6 139.1 283 18.0 263 12.5 304 48.0 1173 234.2
Total 629.4 1269 83.6 1187 55.2 1418 235.9 5234 1126.8
Table 1: In tegrated  luminosity, L, together w ith the  num ber of selected d a ta  events, N data, and 
expected num ber of background events, N hack, for each final s ta te  and average value of yfs.
Energy [%] 9 [deg.] 0  [deg.]
Electrons 1.4 0.47 0.083
Muons 5.2 0.22 0.007
H adronic je ts  (no cut) 15 2.4 1.9
H adronic je ts  (E c  > 2 GeV) 15 2.5 2.1
Table 2: Average energy and angle resolutions for reconstructed electrons, muons and  hadronic 
je ts  as determ ined in M onte Carlo sim ulation. Resolutions for hadronic je ts  are given w ith  and 
w ithout the  cut on the  m inim um  cluster energy, E C.
Mass variable
qqeu qqjiu qqru qqqq
4-jet
qqqq
5-jet
used in 
fit as
11 ^ raw 8.4 8.5 10.8 11.6 12.4
®raw 5.1 7.5 — 6.6 6.7
"^ -resc — — 4.4 — — mi
TOlc 4.7 6.5 — — — m 2
m 2c 2.3 2.8 — — — mi
m 4C — — — 2.2 3.0 m 2
m 5C — — — 1.9 2.5 mi
Table 3: Mass resolutions in GeV as determ ined in M onte Carlo sim ulation: raw mass resolution, 
, of the  hadronically-decaying W  bosons; resolution of the  average of the  two raw masses in 
each event, m raw; resolution after rescaling the  je t energies, m resc, or after applying a kinem atic 
fit, m nC. The last column indicates which of the  mass variables is used for each final s ta te  in 
the  ex traction  of and  r W, as described in Section 5.
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qq eu qqfiu qq t u qqqq qq t u ƒ ƒ ƒ ƒ
C alibration of i / s 10 10 10
Lepton m easurem ent 6 12 — — 5 3
Je t m easurem ent 4 11 23 5 9 7
Background 2 1 23 7 3 4
MC statistics 7 9 22 10 5 6
P ho ton  rad ia tion 16 10 9 6 13 10
H adronisation 11 12 44 20 16 18
Bose-Einstein correlations — — — 17 — 8
Colour reconnection — — — 38 — 17
Total system atic 24 26 60 49 26 31
Total sta tistical 99 119 175 64 70 48
Total 102 121 185 81 74 57
Table 4: System atic uncertainties on , in MeV, for the  various final states. The values refer 
to  the  com plete d a ta  set a t y/s =  189 — 209 GeV and take into account correlations between 
energy points and final states.
qq eu qqfiu qq t u qqqq qqt u ƒ ƒ ƒ ƒ
C alibration of \ f s < 5 < 5 < 5
Lepton m easurem ent 10 35 — — 15 5
Je t m easurem ent 20 30 75 20 30 25
Background 20 5 45 50 10 25
MC statistics 15 20 50 15 15 10
P ho ton  rad ia tion 5 5 5 5 5 5
H adronisation 55 70 150 85 75 80
Bose-Einstein correlations — — — 10 — 5
Colour reconnection — — — 50 — 25
Total system atic 65 90 180 115 85 90
Total sta tistical 245 305 380 150 170 115
Total 255 315 420 190 190 145
Table 5: System atic uncertainties on r W, in MeV, for the  various final states. All uncertainties 
are rounded to  the  next 5 MeV. The values refer to  the  com plete d a ta  set a t i / s  =  189 — 209 GeV 
and take into account correlations between energy points and final states.
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| A m w [MeV] A rw [MeV]
qq eu qqfiu qq tu qqqq qqeu qq¡lu qq tu qqqq
Electron energy 6 — — — 12 — — —
M uon energy — 12 — — — 37 — —
Jet energy scale (±50 MeV) 3 10 9 2 1 9 16 4
Jet energy sm earing (1%) 1 4 7 1 10 25 53 7
Jet angle sm earing (0.5°) 2 4 20 4 17 16 47 18
Table 6 : Changes of m W and r W due to  variations of the  energy m easurem ent of electrons, 
muons and je ts  and the  resolutions of the  je t directions.
| A m w [MeV] |Arw | [MeV]
qqeu qq¡lu qq tu qqqq qq eu qq¡lu qq tu qqqq
Four-ferm ion background 2 1 2 3 12 1 12 11
e+e_ —► qq background <1 <1 23 3 15 6 44 31
j/34 spectrum — — — 5 — — — 40
Table 7: Changes of m W and r W due to  variations of the  background processes. For fully- 
hadronic events the  uncertain ty  due to  the  y34 spectrum  is also given.
A m w [MeV] A r w [MeV]
qqeu qq¡lu qq tu qqqq qq eu qq¡lu qq tu qqqq
G enerator com parison - 1 6 +9 — + 4 — — — —
M onte Carlo reweighting 0 - 5 - 1 +5 + 3 + 5 - 3 - 3
Table 8 : Changes of m W and r W due to  variations in the  modelling of photon  radiation. The 
first row gives the  results of a com parison between the  RA CO O N W W  and KANDY generators. 
The second row gives the  difference between the  O ( a 3) and the  O ( a 2) calculation, obtained 
by reweighting KANDY events. The sta tistica l accuracy of the  generator com parison is about 
8 MeV, while the  sta tistica l uncertain ty  of the  reweighting procedure is negligible.
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A m w  [MeV] A r w [MeV]
qq eu qqfiu qq t u qqqq qq eu qq¡jlu qq t u qqqq
HERW IG
A RIAD N E
0
- 1 5
- 8
-1 1
-4 1
- 4 4
- 3  
+  11
- 9 6  
+  15
-1 4 1
- 1
-2 7 5
- 2 4
- 3 2
+5
Table 9: Changes of m W and r W due to  the  use of the  hadronisation models HERW IG and 
A RIA D N E instead  of PY TH IA . The sta tistica l accuracy is always b e tte r  th a n  15 MeV and 
30 MeV for m W and r W, respectively.
A m w  [MeV] A r w [MeV]
qqt u qqqq qqt u qqqq
K aon m ultiplicity 
P ro ton  m ultiplicity
+  1 3 +  12 
+  1 +  2
+25 +  23 
+ 7 +  15
- 12 +  11 
- 3 + 5
- 9 5  +  87 
- 3 6  +  80
Table 10: Changes of m W and r W due to  reweighting M onte Carlo events w ith  respect to  
variations of the  m ean charged-kaon and pro ton  multiplicities. The given uncertain ties are due 
to  the  experim ental uncertain ties in the  determ ination  of these m ultiplicities [38].
\ f s  [GeV] A m w  [MeV] A r w [MeV]
189 +  11 - 1
207 +23 - 1 5
Table 11: Changes of m W and r W in the  qqqq channel when replacing our s tandard  sim ulation 
by the  PY TH IA  BE32 m odel w ith  a streng th  of in ter-W  BEC corresponding to  the  68% upper 
lim it set by our direct BEC m easurem ent [22]. The statistical accuracy is 6 MeV and 14 MeV 
for m W and r W, respectively.
yfs [GeV] A m w  [MeV] A r w [MeV]
189 -2 2 - 4 8
207 - 5 7 - 5 6
Table 12: Changes of m W and r W in the  qqqq final s ta te  when replacing our s tandard  sim ulation 
by the  PY TH IA  SK-I model w ith  k  =  1.1 which is th e  68% upper lim it set by our CR 
m easurem ent [24]. The cut on the  m inim um  cluster energy of 2 GeV is applied. The statistical 
accuracies are abou t 10 MeV for m W and 20 MeV for r W.
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Process m w [GeV] « t  [GeV]
4- —e^e —> qqezv 80.225 ± 0 .0 9 9  ± 0 .0 2 4 0.095
e+e_ —► qqjiv 80.152 ± 0 .1 1 9  ± 0 .0 2 6 0.119
e+e_ —► qq t v 80.195 ± 0 .1 7 5  ± 0 .0 6 0 0.162
e+e_ —► qqt v 80.196 ± 0 .0 7 0  ± 0 .0 2 6 0.068
e+e_ —► qqqq 80.298 ± 0 .0 6 4  ± 0 .0 4 9 0.062
e+e -  ^  ƒ ƒ ƒ ƒ 80.242 ± 0 .0 4 8  ± 0 .0 3 1 0.047
Table 13: Results on m w  for the  d a ta  collected a t y/s =  189 — 209 GeV. The first uncertain ty  is 
sta tistica l and  the  second system atic. Also shown is the  expected sta tistica l uncertainty, aStSt.
Process m w  [GeV] Tw [GeV] C orrelation
e+e_ —► qqt v 80.174 ±  0.078 ± 0 .0 2 7 2.50 ±  0.17 ±  0.09 0.01
e+e_ —► qqqq 80.284 ±  0.074 ± 0 .0 5 0 1.97 ±  0.15 ±  0.12 0.15
e+e“ ^  ƒ ƒ ƒ ƒ 80.236 ±  0.054 ± 0 .0 3 2 2.22 ±  0.11 ±  0.09 0.14
Table 14: Results on m W and r W obtained  from  a sim ultaneous fit of b o th  quantities using 
d a ta  collected a t y/s  =  189 — 209 GeV. The first uncertain ty  is s ta tistical and  the  second 
system atic. Also quoted is the  correlation between m W and r W.
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Figure 1: Improvem ent of mass resolutions due to  kinem atic constraints for a) qqev, b) q q ^ v , 
c) q q rv  and  d) qqqq events. The open circles represent the  raw mass spectra  and  the  full points 
the  spectra  obtained  after applying the  kinem atic fit or the  jet-energy rescaling. M onte Carlo 
predictions are also shown. In a ) , b) and d) m raw is the  average of the  two raw masses while in 
c) mqqw is th e  raw  mass of the  hadronic system.
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Figure 2: D istributions of reconstructed  W -boson masses after applying the  kinem atic fit using 
the  equal-m ass constraint for the  a) qqev, b) qq^v and  c) q q rv  channels and  d) the  best pairing 
for the  qqqq channel. The signal M onte Carlo events are reweighted according to  the  fitted 
value of m W.
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Figure 3: D istribu tion  of reconstructed W -boson masses after applying the  kinem atic fit using 
the  equal-m ass constrain t for semi-leptonic final states. The signal M onte Carlo events are 
reweighted according to  the  fitted  value of m W.
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Figure 4: D istribu tion  of reconstructed W -boson masses after applying the  kinem atic fit using 
the  equal-m ass constrain t for all W  pairs. The signal M onte Carlo events are reweighted 
according to  the  fitted  value of m W.
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Figure 5: Calorim etric energy-flow versus the  angle relative to  the  direction of the  charged 
lepton, Z, for a) the  qqev and  b) the  qq^v  events. The error bars represent the  s tandard  
deviation of the  d a ta  d istribu tion  in each bin.
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Figure 6: D istribu tion  of the  mass shifts between the  s tandard  analysis of qqqq events and 
analyses using a) a displaced vertex and  b) je t reconstruction from tracking inform ation only. 
A G aussian fit is applied to  the  d a ta  d istribu tion  of a) and  indicates an average mass shift 
consistent w ith zero, as shown by the  curve. The d a ta  d istribu tion  of b) is in good agreem ent 
w ith  the  M onte Carlo prediction.
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Figure 7: a) Energy spectrum  of the  clusters used in the  je t reconstruction and changes of 
for b) the  qq lv  and  c) the  qqqq final sta tes caused by a variation of the  cut on the  m inim um  
cluster energy, E C. The arrows show the  default values of the  cut.
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Figure 8: a) Energy flow as a function of the  angle relative to  the  je t direction, Z, and  changes 
of m W for b) the  qq lv  and  c) the  qqqq final sta tes after removing clusters outside a cone of 
half-opening angle Z around the  je t direction.
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Figure 9: a) Com parison of the  reconstructed  mass spectra, combined for all final sta tes at 
yfs =  189 GeV, for d a ta  and for the  th ree hadronisation models PY TH IA , A RIAD N E and 
HERW IG and b) the  spectra  norm alised to  the  PY T H IA  expectation.
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Figure 10: Changes of m W due to  reweighting M onte Carlo events according to  the  m ean 
charged-kaon m ultiplicity for a) the  q q lv  and  b) the  qqqq events and  of the  m ean pro ton  
m ultiplicity for c) the  qq lv  and  d) the  qqqq events. The full circles show the  default values of 
our sim ulation whereas the  vertical lines show the  m easured m ultiplicities and  the  grey bands 
the ir uncertainties [38].
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JFigure 11: Changes of m W w ith respect to  the  observable J  for M onte Carlo samples of the 
BE32 m odel w ith different BEC param eters a t y/s =  189 GeV. The grey band  shows the  range 
of J  which is com patible w ith our BEC m easurem ent [22] a t the  68% confidence level.
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Figure 12: Changes of w ith respect to  the  param eter k\ of the  SK-I m odel a t y/s =  189 GeV. 
The cut on the  m inim um  cluster energy of 2 GeV is applied. The grey band shows the  range 
of k  which is com patible w ith  our CR m easurem ent [24] a t the  68% confidence level.
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Figure 13: CR effects sim ulated w ith the  M onte Carlo m odel SK-I calculated after removing 
clusters w ith  an energy below a given threshold  energy. The change of the  final m easure­
m ent in the  qqqq channel, A m syst, when the  default sim ulation w ithout CR is replaced by the 
SK-I m odel using k  =  1.1 is shown. The additional com ponent of the  sta tistica l uncertain ty  
on the  final result, A a stat, after applying the  given energy cut and  the  quadratic  sum  of 
b o th  effects is also shown.
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Figure 14: The results for m w  for the  four final states and  the  seven average y/s values. 
S tatistical and system atic uncertainties are added in quadrature. The combined result and 
its uncertain ty  are indicated as the  dashed line and the  grey band, respectively.
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Figure 15: Com parison of the  results for m w  for the  seven average y/s values. The inner error 
bar represents the  sta tistica l uncertainty. The combined m W result and  its uncertain ty  are 
indicated as the  dashed line and the  grey band, respectively.
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Figure 16: Com parison of the  results for m w  for the  y/s =  189 — 209 GeV in each of the  different 
final states. The inner error bar represents the  statistical uncertainty.
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